Stromal-cell-derived factor-1 (SDF-1) and its receptor CXC chemokine receptor 4 (CXCR4) play a well-established role during embryonic development of dentate gyrus granule cells. However, little is known about the regulation and function of CXCR4 in the postnatal dentate gyrus. Here, we identify a striking mismatch between intense CXCR4 mRNA and limited CXCR4 protein expression in adult rat subgranular layer (SGL) neurons. We demonstrate that CXCR4 protein expression in SGL neurons is progressively lost during postnatal day 15 (P15) to P21. This loss of CXCR4 protein expression was paralleled by a reduction in the number of SDF-1-responsive SGL neurons and a massive upregulation of SDF-1 mRNA in granule cells. Intraventricular infusion of the CXCR4-antagonist AMD3100 dramatically increased CXCR4 protein expression in SGL neurons, suggesting that CXCR4 is tonically activated and downregulated by endogenous SDF-1. Infusion of AMD3100 also facilitated detection of CXCR4 protein in bromodeoxyuridine-, nestin-, and doublecortin-labeled cells and showed that the vast majority of adult-born granule cells transiently expressed CXCR4. Chronic AMD3100 administration impaired formation of new granule cells as well as neurogenesis-dependent long-term recognition of novel objects. Therefore, our findings suggest that tonic activation of CXCR4 in newly formed granule cells by endogenous SDF-1 is essential for neurogenesis-dependent long-term memory in the adult hippocampus.
Introduction
Progenitor cells in the adult subgranular layer (SGL) produce thousands of granule cells (GCs) every day (Cameron and McKay, 2001; Seaberg and van der Kooy, 2002) . Newly generated GCs are integrated into the granule cell layer (GCL) and become connected with the hippocampal network (van Praag et al., 2002) . The immature GCs are more responsive to long-term potentiation and long-term depression stimuli than mature GCs. This unique form of bidirectional synaptic plasticity renders immature GCs particular well suited to process novel information (Schmidt-Hieber et al., 2004; Doetsch and Hen, 2005; Song et al., 2005; Leuner et al., 2006) . Consistently, conditions of enhanced neurogenesis improve the performance of animals in memory tasks (e.g., long-term recognition of novel objects is improved when rats are housed in a neurogenesis-enhancing enriched environment and impaired when environmental enrichment is combined with application of antimitotic drugs) (BruelJungerman et al., 2005) .
The identification of factors controlling the generation, survival, and excitability of immature GCs will help to understand how neurogenesis and hippocampal plasticity are regulated. A good candidate is the stromal-cell-derived factor-1 (SDF-1)/ CXC chemokine receptor 4 (CXCR4) system, which is indispensable for the embryonic development of numerous neuronal structures, including the dentate gyrus (Zou et al., 1998; Klein et al., 2001; Bagri et al., 2002; Lu et al., 2002; Chalasani et al., 2003; Stumm et al., 2003; Lieberam et al., 2005; Borrell and Marin, 2006; Stumm and Hollt, 2007) . Given that the CXCR4 promoter is active in neuronal progenitors in the adult dentate gyrus as shown in CXCR4-enhanced green fluorescent protein (EGFP) bacterial artificial chromosome (BAC) transgenic mice (Tran et al., 2007) , we examined CXCR4 protein expression in adult-born GCs, the influence of CXCR4 on adult hippocampal neurogenesis, and the role of CXCR4 in a neurogenesis-dependent longterm memory task. Moreover, based on neuromodulatory and neuroendocrine effects of SDF-1 on mature neurons (Guyon et al., 2005a (Guyon et al., ,b, 2006 Callewaere et al., 2006) , we studied whether SDF-1 affects the excitability of immature GCs.
Finally, we addressed the striking mismatch between intense CXCR4 mRNA expression (Stumm et al., 2002 Tissir et al., 2004; Tran et al., 2007) and weak CXCR4 protein expression in the SGL (Stumm et al., 2002) . Studies in non-neuronal cell lines showed that CXCR4 is sequestered from the cell surface (internalized), sorted to lysosomes, and degraded after agonist stimulation (Orsini et al., 1999; Marchese and Benovic, 2001 ). Therefore, the mismatch between CXCR4 mRNA and CXCR4 protein in the SGL may reflect tonic activation and turnover of CXCR4 by endogenous SDF-1. Indeed, SDF-1 is abundantly expressed adjacent to the SGL by mature GCs (Tham et al., 2001) . Therefore, we used the CXCR4 antagonist AMD3100, which prevents SDF-1-induced CXCR4 internalization, to study CXCR4 trafficking and downregulation in the SGL and in primary hippocampal cultures. Altogether, we provide the first study addressing the regulation and function of CXCR4 in adult-born GCs by histochemical, electrophysiological, and pharmacological approaches.
Materials and Methods
Animals. For all animal procedures, ethical approval was sought according to the requirements of the German or French National Act on the Use of Experimental Animals. Unless indicated, experiments were performed with male Wistar rats (6 -8 weeks of age) housed in groups of five in standard cages in a temperature-controlled animal facility with a 12 h light/dark cycle. Animals had free access to food and water. Analyses of postnatal SDF-1 and CXCR4 expression were done at postnatal day 10 (P10), P12, P14, P16, P18, and P21 by immunohistochemistry (n ϭ 3, each) and in situ hybridization (n ϭ 3, each). In situ hybridization. SDF-1 and CXCR4 mRNAs were detected by 35 S-labeled riboprobes corresponding to the coding regions (Stumm et al., 2002 (Stumm et al., , 2007b . Specificity of the hybridization conditions was controlled using SDF-1-and CXCR4-deficient embryos . Quantitative analysis of hybridization signals in x-ray autoradiograms was performed by densitometry as described previously (Stumm et al., 2002) . Dual in situ hybridization combining the 35 S-CXCR4 probe with digoxigenin-labeled probes for glutamate decarboxylase, vesicular glutamate transporter 1 (VGLUT1), and somatostatin was performed as described previously (Stumm et al., 2007b) .
Characterization of CXCR4 antibody. Affinity-purified polyclonal rabbit antisera [2144, 1181] against the C-terminal sequence of mouse and rat CXCR4 (residues 338 -359 in mouse) were used (Stumm et al., 2002) . Antisera were characterized extensively by cytochemistry, Western blot, and immunoprecipitation assays, including preabsorption controls with CXCR4-transfected and nontransfected human embryonic kidney 293 (HEK293) cells (Stumm et al., 2002) . Specificity of CXCR4-like immunostaining was controlled in embryonic day 16 (E16) CXCR4-deficient mice (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material).
Primary cultures. Hippocampal cultures from E17 Sprague Dawley rat embryos (Charles River, Margate, Kent, UK) were prepared and transfected by using the Nucleofector device (Amaxa, Köln, Germany) as described previously Stumm et al., 2007a) .
Immunocytochemistry. Subcellular localization of endogenous CXCR4 or T7-epitope-tagged CXCR4 (T7-CXCR4) was studied after 1 d in vitro (DIV) by confocal microscopy (Stumm et al., 2002) . Cells were treated with 10 nM SDF-1 (R&D Systems, Minneapolis, MN), 6 M AMD3100 (Sigma-Aldrich, St. Louis, MO), or a combination of both as described in Results. After fixation and permeabilization, endogenous CXCR4 was labeled with anti-CXCR4 [1181] and T7-CXCR4 with affinity-purified anti-T7 antibody (Gramsch Laboratories, Schwabhausen, Germany) and detected with Cy3-labeled secondary antibody. For semiquantitative analysis of T7-CXCR4 internalization, primary cells were cotransfected with plasmids encoding for T7-CXCR4 and EGFP at a 10:1 molar ratio. Transfected cells were selected by their green fluorescence and categorized by an investigator ignorant of the treatment according to the subcellular distribution of T7-CXCR4 in the following: (1) cells with intensely labeled plasma membrane, (2) cells with sparse labeling at the plasma membrane and intense intracellular signal (internalized T7-CXCR4), and (3) cells with sparse or no T7-labeling. Results were averaged from three independent experiments with 20 categorized cells per treatment.
Internalization assay. CXCR4 internalization was examined by surface labeling of the extracellular N-terminal T7-epitope of transfected T7-CXCR4 in living neuronal cells after 1 DIV or in HEK293 cells stably expressing T7-CXCR4. Receptor labeling was performed with 1 g/ml T7 antibody before or after treatment. An ELISA was used for quantitative analyses of surface receptors (Pfeiffer et al., 2003) . The labeled cells were fixed, incubated with peroxidase-conjugated secondary antibody (1:1000; GE Healthcare, Little Chalfont, Buckinghamshire, UK), and developed with ABTS solution (Roche Applied Science, Indianapolis, IN). After 15 min, 200 l of the substrate solution was analyzed at 405 nm using a microplate reader (Bio-Rad, Hercules, CA). Cultures receiving no substances were fixed immediately after labeling and served as reference (100% surface receptors). For confocal analyses of receptors labeled before treatment, cells were fixed and permeabilized, and receptors were detected with Cy3-labeled secondary antibody.
Western blot analysis of CXCR4. Treatment with SDF-1 (10 nM) and AMD3100 (6 M) was performed in neurobasal medium after 1 DIV. Western blot analysis of CXCR4 was done as described using 15 ϫ 10 6 primary cells per lane (Stumm et al., 2002) . Blots were detected with anti-CXCR4 [1181], anti-rabbit horseradish peroxidase-linked IgG (NA934; GE Healthcare), and ECL Western Blotting kit (GE Healthcare). Blots were stripped and detected for transferrin receptor (TFR) as loading control using a mouse anti-human TFR antibody (1 g/ml; #13-6800, Zymed Laboratories, South San Francisco, CA; Immunodetection, Invitrogen, Carlsbad, CA). The ratio of the CXCR4 and TFR signals was determined by densitometry and then normalized with the ratio of the control group. Normalized results were combined from three independent experiments.
Akt assay. Culture medium was replaced by balanced salt solution (BSS) consisting of the following (in mM): 143 Na, 5.5 K, 1.8 Ca 2 , 1.8 Mg 2 , 125 Cl, 26 HCO 3 , 1 PO 4 , 0.8 SO 4 , pH 7.4, and 4.5 g/L glucose and treated with 10 nM SDF-1 as described in Results. Cells (0.5 ϫ 10 6 per lane) were lysed in 500 l of boiling SDS sample buffer. Lysates were separated by 10% SDS-PAGE and blotted. Ser-473-phosphorylated Akt (pAkt) was detected by rabbit monoclonal antibody (1:1000; #193H12; Cell Signaling Technology, Danvers, MA). After stripping, phosphorylated and nonphosphorylated Akt were detected using anti-Akt rabbit polyclonal IgG (0.125 g/ml; #07-416; Biomol International, Hamburg, Germany) (Stumm et al., 2007a) . The ratio of the pAkt and Akt signals was determined and normalized with the mean of the control group. Normalized results were combined from three independent experiments with three independent repeats each.
Antibodies used for immunohistochemistry. Antibodies used for immunohistochemistry are as follows: rat monoclonal antibromodeoxyuridine (BrdU) (1:1000; BU1/75; #SM1667; Acris Antibodies, Hiddenhausen, Germany), guinea pig polyclonal anti-doublecortin (AB5910; 1:1000; Millipore Bioscience Research Reagents, Temecula, CA), mouse monoclonal anti-NeuN (neuronal-specific nuclear protein) (A60; 1:3000; MAB377; Millipore Bioscience Research Reagents), guinea pig polyclonal anti-GFAP (Gp52; 1:2000; Progen, Heidelberg, Germany), mouse monoclonal anti-nestin (Rat-401; 20 g/ml; MAB353; Millipore Bioscience Research Reagents), mouse monoclonal antisomatostatin (SOM-14; 1:25; Biomeda, Foster City, CA).
Immunohistochemistry. Immunostainings were performed with freefloating sections as described previously (Stumm et al., 2002) . For dual labeling with BrdU, proteins (CXCR4, doublecortin, and NeuN) were detected by primary antibody, biotinylated secondary antibody, peroxidase-conjugated avidin/biotin reagent (Vectastain Elite ABC kit), tyramine amplification, and Alexa Fluor 488 (MoBiTec, Göttingen, Germany). After completion of the biotin/tyramine reaction, sections were treated for 2 h with 50% formamide/2ϫ SSC at 65°C, 5 min with 2ϫ SSC at room temperature, 30 min with 2 M HCl at 37°C, and 15 min with 0.1 M boric acid, pH 8.5. After washing, anti-BrdU antibody was applied and detection completed with goat anti-rat Cy3 to visualize BrdU. For dual labeling of CXCR4 with nestin, doublecortin, GFAP, and somatostatin, CXCR4 was detected as described, and cell markers were visualized with Cy3-labeled secondary antibodies.
Intraventricular substance application. Mini-osmotic pumps (models 1007D, 2002; flow rate, 0.5 l/h; Alzet, Cupertino, CA) infusing either AMD3100 (5 mg/ml in saline) or saline (Thored et al., 2006 ) via brain infusion kit II (Alzet) were implanted subcutaneously in the neck. Rats were anesthetized with isoflurane [1.5% in a mixture of O 2 /N 2 O (30:70)] and fixed in a stereotaxic frame for trepanation and intraventricular insertion of the infusion cannula at 0.9 mm posterior and 1.9 mm lateral to bregma.
Quantitative and semiquantitative analyses of CXCR4 expression. Whether AMD3100 affects hippocampal CXCR4 expression was quantified after 13 d intraventricular substance application by in situ hybridization (n ϭ 6, saline; n ϭ 7, AMD3100) and immunohistochemistry (n ϭ 5, saline; n ϭ 6, AMD3100). Additional qualitative analyses were performed 4 h, 1 d, 2 d, and 6 d after treatment with AMD3100 or saline. CXCR4 expression in adult-born SGL cells was examined 4 h, 30 h, 7 d, and 14 d (n ϭ 3 each) after a single BrdU application (200 mg/kg). In each rat, 50 BrdU-labeled SGL cells were tested for CXCR4 protein expression by confocal immunohistochemistry, and the percentage of BrdU/ CXCR4-labeled cells from all BrdU-labeled cells was averaged. To improve CXCR4 detection, rats received intraventricular AMD3100 for 24 h before they were killed.
Influence of AMD3100 on neurogenesis. BrdU (100 mg/kg) was administered five times during a 48 h period before substances were applied as illustrated in Results. Briefly, substances were infused for 13 d starting on day 1, and animals were killed on day 13 (n ϭ 5, saline; n ϭ 6, AMD3100) and on day 23 (saline, AMD3100, n ϭ 10 each). After immunostaining of BrdU, all labeled cells in the GCL and SGL were counted in every eighth frontal section from bregma Ϫ2.8 mm to bregma Ϫ4.4 mm on the side opposite to trepanation. The number of labeled cells per segment was calculated by multiplication by 8. Overlap of BrdU with doublecortin or NeuN was determined at bregma Ϫ3.44 and Ϫ3.76 using a 100ϫ/1.4 objective and confocal microscopy. In each animal, 50 randomly selected BrdU-labeled cells were tested for colocalization of NeuN and doublecortin by recording a stack of five images along the z-axis. All evaluations were done in a blinded manner.
Enriched environment and intracerebroventricular treatment. Rats were randomly assigned to an enriched environment (n ϭ 20) or individual housing in standard cages (n ϭ 20). Enriched environment was achieved by housing animals in groups of five in large boxes (1.5 ϫ 0.8 ϫ 0.8 m) containing various toys, tubes, climbing platforms, and hiding places as described previously (Bruel-Jungerman et al., 2005) . In each group, 10 rats received saline intracerebroventricularly, and 10 rats received AMD3100 intracerebroventricularly for 13 d via osmotic minipumps. On day 13, minipumps were removed under isoflurane anesthesia, and memory tests were started on day 17. Before memory testing, animals were habituated to a 0.5 ϫ 0.5 m open field as described previously (Bruel-Jungerman et al., 2005) , and unchanged locomotor activity in AMD3100-treated rats was ascertained by a computerized activity meter (Moti Test; TSE Systems, Bad Homburg, Germany).
Novel object recognition test. The test was performed as described using nine objects, which elicited a similar degree of spontaneous exploration in naive rats (Bruel-Jungerman et al., 2005 ) (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). Exploration behavior was observed using a camera placed above the open field. Object exploration was scored when an animal faced an object at Ͻ1 cm distance. One animal with total exploration times below 20 s was excluded.
Electrophysiology. Transverse 250-m-thick hippocampal slices were cut at P11-P21 using a Microm vibroslicer (Guyon et al., 2006) . Slices were placed under a microscope (Zeiss, Le Pecq, France) equipped with an infrared video camera (Axiocam; Zeiss) in a chamber superfused at 1 ml/min with oxygenated solution containing the following (in mM): 125 NaCl, 2.5 KCl, 0.4 CaCl 2 , 1 MgCl 2 , 25 glucose, 1.25 NaH 2 P0 4 , 26 NaHC0 3 , pH 7.4, when bubbled with 95% O 2 /5% CO 2 . Recordings were made at room temperature (23 Ϯ 2°C) using an Axopatch 200B (Molecular Devices, Sunnyvale, CA). Patch-clamp pipettes made from borosilicate glass capillary (Hilgenberg, Masfeld, Germany) had a resistance of 6 -12 M⍀ when filled with internal solution containing the following (in mM): 135 K-gluconate, 0.3 CaCl 2 , 1 MgCl 2 , 10 HEPES, 1 EGTA, 4 Mg2ATP, 0.4 Na3GTP, pH adjusted to 7.3 with KOH. Access resistances ranging from 12 to 50 M⍀ were compensated 60 -80%. Cell capacitance and resistance were measured in V-clamp by applying 5 mV steps at a holding potential of Ϫ80 mV using pClamp software (Molecular Devices) . Voltage signals were measured in the I-clamp fast mode. Membrane time constant was estimated by fitting a monoexponential function to the voltage decay after a 600 ms hyperpolarizing current pulse. SDF-1 was applied by a fast delivery system close to the cell recorded. Values of the analysis indicate mean Ϯ SEM.
Results
Development of a mismatch between CXCR4 mRNA and CXCR4 protein expression in the subgranular layer coincides with SDF-1 upregulation in granule cells A systematic comparison of the changes of CXCR4 mRNA and protein expression during postnatal development of the rat dentate gyrus (P10 -P21) revealed a striking loss of CXCR4 protein in the SGL between P15 and P21 that was not accompanied by a similar reduction in CXCR4 mRNA. Between P10 and P15, CXCR4 protein was highly expressed in the molecular layer, GCL, and hilus (shown for P10 in Fig. 1 A) , which reflects the known expression of CXCR4 mRNA in Cajal-Retzius cells, immature GCs, and hilar GABAergic neurons Tran et al., 2007) . Between P15 and P21, CXCR4 mRNA and protein decreased in all layers of the dentate gyrus. In the SGL and hilus, however, downregulation of CXCR4 protein was particularly intense and, by far, exceeded that of CXCR4 mRNA. Consequently, only very few CXCR4-immunoreactive (CXCR4-IR) cells were detectable in the SGL and hilus after P18 (Fig. 1 B) . In contrast, numerous cells with intense CXCR4 mRNA expression were detectable in the SGL and hilus at all postnatal stages (Fig.  1C) Tran et al., 2007) . Therefore, there is a striking mismatch between CXCR4 mRNA and CXCR4 protein in the SGL and hilus of late postnatal and adult rats.
Analyses of SDF-1 mRNA expression showed that the mismatch between CXCR4 mRNA and CXCR4 protein in the SGL developed parallel to the pronounced postnatal upregulation of SDF-1 in GCs occurring between P15 and P21 (Fig. 1C) . Notably, a mismatch between CXCR4 mRNA and CXCR4 protein was not observed in the molecular layer where local SDF-1 expression is low. Because the GCL belongs to the structures with the highest SDF-1 mRNA expression in the brain, CXCR4 in the SGL is likely to be exposed to an exceedingly high local SDF-1 concentration. Therefore, the loss of CXCR4 protein in the SGL during late postnatal development might be attributable to tonic activation and turnover of CXCR4.
Blocking CXCR4 activity abolishes the mismatch between CXCR4 mRNA and CXCR4 protein expression in the SGL Based on our hypothesis that activation of CXCR4 by endogenous SDF-1 may cause the observed mismatch between CXCR4 mRNA and CXCR4 protein in the SGL, we administered the CXCR4 antagonist AMD3100 for 13 d into the lateral ventricle of adult rats via osmotic minipumps. We then analyzed CXCR4 expression in the dentate gyrus by in situ hybridization and immunohistochemistry. The results showed that CXCR4 mRNA expression was virtually unaffected by the antagonist (Fig. 2 A, B) . In contrast, CXCR4-like immunoreactivity (CXCR4-LIR) showed a dramatic increase in the SGL of AMD3100-treated rats (Fig. 2C,D) . Based on the counting of strongly CXCR4-IR cells in the SGL from bregma Ϫ2.8 mm to bregma Ϫ4.4 mm (Fig. 2G) , we estimated that 758 cells were labeled in saline-treated rats and 5512 cells in AMD3100-treated rats, which represents an increase by 627% ( p Ͻ 0.0001; Student's t test). Similar results were obtained when AMD3100 was infused for 6 d, 2 d, or 1 d. Administration of AMD3100 for 4 h resulted in a slight increase of CXCR4-LIR in the SGL (data not shown).
The AMD3100 treatment enabled us to detect CXCR4 in the somata and in the proximal parts of dendritic and axonal processes of presumed immature GCs (Fig. 2c1) . In addition, multipolar presumed GABAergic neurons were revealed in the hilus (Fig. 2C , arrow) and in the hilar part of the CA3 pyramidal cell layer (Fig. 2C,  arrowheads) . In saline-treated controls, CXCR4-LIR was found only in a few cells in the SGL (Fig. 2D,d 1 ) and not seen in the hilus. In the molecular layer, where CXCR4-LIR is readily detectable in control rats, antagonist treatment slightly enhanced CXCR4-LIR (Fig.  2C,D,c 2 ,d 2 ) . Analysis of single confocal planes of SGL neurons in saline-treated rats revealed CXCR4-LIR at the plasma membrane as well as in intracellular vesicle-like compartments (Fig. 2F) , which may represent internalized receptors. After AMD3100 treatment, CXCR4-LIR was predominantly seen at the plasma membrane (Fig.   2E ), suggesting that the antagonist prevented CXCR4 internalization. Together, these results show that inhibiting CXCR4 activity abrogates the mismatch between CXCR4 mRNA and protein expression in the SGL by strongly increasing CXCR4-LIR at the plasma membrane of SGL neurons.
SDF-1 causes internalization, downregulation, and desensitization of CXCR4
Although it is established that SDF-1 causes internalization and rapid downregulation of CXCR4 receptors heterologously expressed in cell lines (Marchese and Benovic, 2001) , little is known about the regulation of endogenous CXCR4 receptors in immature neurons. We therefore studied desensitization, internalization, and downregulation of CXCR4 in dissociated cultures of the E17 rat hippocampus. The CXCR4 antagonist AMD3100 was used to block effects of endogenous and exogenous SDF-1. In untreated cultures, intense CXCR4-LIR decorated 23% of the cells at the somatic plasma membrane, leading tips of dendrites, and intracellular compartments (Fig. 3A) . Overnight application of AMD3100 increased the proportion of CXCR4-IR cells to 35% and caused the receptor to accumulate at the plasma membrane (Fig. 3B) , indicating constitutive turnover of CXCR4 by endogenous SDF-1 in control cultures. The assumption that SDF-1 is released from hippocampal cultures was corroborated by the finding that conditioned medium from control hippocampal cultures evoked partial CXCR4 internalization when transferred for 0.5 h to HEK293 cells stably expressing T7-epitopetagged CXCR4 (supplemental Fig. 3A ,B, available at www.jneurosci.org as supplemental material). Exogenous SDF-1 (10 nM for 0.5 h) caused complete plasma membrane depletion and intracellular clustering of CXCR4 in primary neurons (Fig. 3C ) and HEK293 cells (supplemental Fig. 3C , available at www.jneurosci.org as supplemental material). The SDF-1-induced internalization was fully prevented in the presence of AMD3100 (data not shown). In another set of cultures, the SDF-1 pulse was terminated after 30 min by washout and subsequent AMD3100 supplementation. Within 2 h after the washout, CXCR4 was again detectable at the plasma membrane in 20% of the primary neurons (Fig. 3D ), suggesting that a substantial proportion of the internalized CXCR4 receptors had been recycled to the cell surface.
To exclude any misinterpretation of the SDF-1-induced CXCR4 trafficking resulting from low endogenous CXCR4 levels, we then studied overexpressed T7-epitope-tagged CXCR4 in primary hippocampal neurons after immunolabeling with T7 antibody. EGFP was cotransfected and used to randomly select transfected cells, in which the subcellular distribution of T7-CXCR4 was categorized into three groups by an investigator blinded to the pharmacological treatment: plasma membrane intensely labeled, sparse labeling at the plasma membrane and intense intra- P18 (B) . A, Low-and high-power images show CXCR4 in the corpus callosum (cc) and wall of the lateral ventricle (LV). In the Ammon's horn, CXCR4 is detected in the oriens layer (Or), pyramidal cell layer (Py), and lacunosum moleculare layer (LMol). In the dentate gyrus, the molecular layer (Mol), the inner one-third of the GCL, and neurons in the hilus are stained. B, Low-and high-power images focusing on the dentate gyrus show intense CXCR4 immunostaining in the molecular layer. Only a few cells are stained in the SGL (arrows) and hilus. C, Autoradiograms comparing SDF-1 and CXCR4 mRNA expression in the dentate gyrus at P12, P16, and P21 after in situ hybridization with 35 S-labeled probes. SDF-1 mRNA expression in the GCL starts at P12 and increases strongly until P21. CXCR4 mRNA expression in the GCL is strongly downregulated between P12 and P16 and shows only a small decrease between P16 and P21. Scale bars: A, B, 400 m; a, b, 200 m. cellular signal (internalized), and labeling faint to absent (nonlabeled). In untreated controls, 80% of the EGFP-labeled cells showed plasma membrane labeling, 8% internalization, and 12% no labeling (supplemental Fig. 4 A, available at www.jneurosci.org as supplemental material). SDF-1 treatment for 6 h increased the proportion of cells with internalized CXCR4 to 83% (supplemental Fig. 4 B, available at www. jneurosci.org as supplemental material). After 18 h of SDF-1 exposure, the proportion of nonlabeled cells increased to 77% (supplemental Fig. 4C , available at www.jneurosci.org as supplemental material). SDF-1-induced internalization and downregulation of T7-CXCR4 were fully prevented by AMD3100 (supplemental Fig.  4 D, available at www.jneurosci.org as supplemental material).
We then pulse-labeled the extracellular T7-epitope of T7-CXCR4 by T7 antibody to selectively target surface receptors (supplemental Fig. 4 E, F, available at www.jneurosci.org as supplemental material). As determined by a quantitative ELISA assay, 30 min exposure to SDF-1 caused a 21% internalization of prelabeled surface receptors (supplemental Fig. 4G , available at www.jneurosci.org as supplemental material). Constitutive internalization in salinetreated cultures and internalization by exogenous SDF-1 were fully prevented by AMD3100. Application of SDF-1 together with the recycling-inhibiting drug monensin (50 M) increased SDF-1-induced internalization, suggesting that some internalized CXCR4 may recycle to the cell surface (supplemental Fig. 4G , available at www.jneurosci.org as supplemental material). We therefore examined the extent of T7-CXCR4 recycling. Surface receptors were labeled either immediately or 1 h after washout in cultures pretreated for 30 min with SDF-1. Using nontreated cultures as reference (100% surface receptors), we calculated that ϳ36% of T7-CXCR4 that was internalized during the 30 min SDF-1 pulse was recycled to the cell surface during the 1 h washout interval. Recycling of T7-CXCR4 was fully prevented by monensin applied during the washout period (supplemental Fig. 4 H, available at www.jneurosci.org as supplemental material).
We then addressed the question to what extent the CXCR4 protein expression level is regulated by endogenous and exogenous SDF-1 in primary neurons by immunoblotting of endogenous CXCR4. The TFR was detected as loading control. Cultures receiving AMD3100 overnight showed a 70% increase of the CXCR4/TFR ratio (Fig. 3E) , which most likely reflects the prevention of constitutive CXCR4 turnover by endogenous SDF-1. The effect of exogenous SDF-1 was studied by combining various SDF-1 pretreatment periods (0, 0.5, 3, and 6 h) with complementary AMD3100 posttreatment periods so that a constant 6 h SDF-1/AMD3100 treatment d 1 ) and hilus (C, arrow). CXCR4 is slightly increased in the molecular layer (Mol; c 2 , d 2 ) and CA3 (C, arrowheads). E, F, High-power images of single confocal planes showing the subcellular localization of CXCR4-LIR in cells of the SGL. In the salinetreated control, CXCR4 is found at the plasma membrane and intracellularly, which indicates partial CXCR4 internalization (F). CXCR4 is concentrated at the plasma membrane and virtually absent from intracellular compartments after AMD3100 treatment (E). G, The number of CXCR4-IR cells in the SGL per 320 m hippocampal segment (bregma Ϫ2.8 mm to bregma Ϫ4.4 mm) is significantly increased after AMD3100 treatment compared with saline treatment (effect of AMD3100, p Ͻ 0.0001; effect of segmentlocalization,pϽ0.05;interaction,pϾ0.05;two-wayANOVAwithrepeatedmeasures).DataarepresentedasmeanϮ SEM. Scale bars: A, B, 300 m; C, D, 125 m; c 1 , c 2 , d 1 , d 2 , 50 m; E, F, 10 m. time was achieved. Under these conditions, a 30 min SDF-1 pulse caused only a slight reduction of CXCR4. Extended stimulation for 3 or 6 h resulted in progressive CXCR4 downregulation (Fig.  3F ) . Therefore, CXCR4 downregulation requires a persistent SDF-1 stimulus. In contrast, a short SDF-1 pulse is able to trigger significant CXCR4 internalization but not sufficient to cause extensive CXCR4 downregulation.
We then examined whether CXCR4 downregulation was accompanied by CXCR4 desensitization using SDF-1-induced Akt phosphorylation (Fig. 3G,H ) , which plays a major role in neuronal survival (Datta et al., 1999) . In control cultures, a 15 min SDF-1 stimulus increased the ratio of Ser473-pAkt to total Akt by 143%. When the stimulation was performed in cultures that had experienced a 6 h SDF-1 pretreatment and a 1 h agonist-free interval, SDF-1 was virtually ineffective. After a 30 min SDF-1 pretreatment and a 6.5 -h agonist-free interval, SDF-1 stimulation still increased pAkt by 105%. Therefore, extended SDF-1 exposure caused progressive desensitization of CXCR4-mediated Akt phosphorylation.
Detection of CXCR4-LIR in immature granule cells
We then addressed which cells express CXCR4 in the SGL/hilus of adult rats. Initially, we performed coexpression analyses at the mRNA level by dual in situ hybridization. This showed that most CXCR4 mRNA-positive cells in the hilus expressed markers for GABAergic neurons (glutamate decarboxylase/GAD mRNA and somatostatin mRNA). In contrast, most CXCR4 mRNA-expressing cells in the SGL were non-GABAergic. There was no overlap between CXCR4 mRNA and VGLUT1 mRNA in the SGL and hilus, indicating absence of CXCR4 from mature granule cells and mossy cells (supplemental Fig. 5 , available at www.jneurosci.org as supplemental material).
Immunohistochemical detection of CXCR4 was improved by infusing AMD3100 for 24 h into the lateral ventricle before animals were killed. To substantiate the concept that adult-born SGL cells express CXCR4, we tested BrdU-labeled cells for CXCR4 expression in the SGL of rats that had received BrdU 4 h, 30 h, 7 d, or 14 d before the analysis. Semiquantitative evaluation of three rats per group showed that ϳ60% of the BrdU-labeled SGL cells expressed CXCR4-LIR 4 and 30 h after BrdU incorporation. After 7 and 14 d, 36 and 11% of the BrdU-labeled SGL cells expressed CXCR4-LIR, respectively (CXCR4/BrdU-colabeling is demonstrated for SGL cells 30 h after BrdU-incorporation in Fig. 4A ). These findings indicate that CXCR4 is transiently expressed in the majority of adult-born SGL cells. Colabeling with doublecortin identified CXCR4 in immature GCs. Approximately 30% of the doublecortin-IR cells showed intense and 30% weak CXCR4-like staining (Fig. 4B) . CXCR4 was observed in the cell body, proximal dendrites, and in the initial part of the hilus-directed axons of the immature GCs. CXCR4 expression in immature GCs was further confirmed by colocalization with PSA-NCAM (data not shown). As expected, CXCR4-LIR was detected in hilar somatostatinergic neurons (Fig. 4C) , which belong to the class of GABAergic neurons that are targeted by GCs and selectively innervate the molecular layer (Freund and Buzsaki, 1996) . Identification of CXCR4-LIR in (CTRL; A) , after overnight treatment with AMD3100 (B), after 30 min SDF-1 (C), and after 30 min SDF-1 followed by washout and 2 h treatment with AMD3100 (D). Note accumulation of CXCR4 at the plasma membrane after AMD3100 treatment (B), complete CXCR4 internalization after SDF-1 stimulation (C), and recycling of CXCR4 to the plasma membrane 2 h after the SDF-1 pulse (D). E, F, Western blots showing endogenous CXCR4 and TFR after stripping. Ratios of CXCR4 and TFR signals are given below the blots (means from 3 independent experiments after normalization with the respective control). E, Treatment for 18 h with AMD3100 (AMD) causes a 70% increase in CXCR4 (*p Ͻ 0.05; Student's t test). F, SDF-1 pretreatment (SDF-1 pre) was followed by washout and AMD3100 posttreatment (AMD post) as indicated. SDF-1 causes progressive downregulation of CXCR4 (*vs 0 h SDF-1, # vs 0.5 h and vs 3 h SDF-1; p Ͻ 0.05; ANOVA followed by Bonferroni's posttest). G, Desensitization of SDF-1-induced Akt-phosphorylation in primary neurons. Blots were detected for Ser473-pAkt and Akt after stripping. Pretreatment (Pre) involved 30 min BSS or SDF-1, washing (arrows), 5.5 h BSS or SDF-1, washing, and 1 h BSS. For stimulation (Stim), SDF-1 was applied for 15 min. H, The ratio of pAkt and Akt is expressed in percentage of the CTRL group receiving only BSS (*vs CTRL; p Ͻ 0.05; Student's t tests). E-H, All values are mean Ϯ SD. Scale bar: A-D, 10 m.
nestin-positive cells in the SGL points to the expression of CXCR4 in progenitor cells (supplemental Fig. 6A , available at www. jneurosci.org as supplemental material). A general overlap of CXCR4-LIR and multipolar GFAP-labeled astrocytes was not observed (supplemental Fig. 6B , available at www.jneurosci.org as supplemental material), which does not preclude that CXCR4 is colocalized in the population of nestin/ GFAP-expressing progenitors as seen in CXCR4-EGFP BAC transgenic mice (Tran et al., 2007) .
SDF-1 enhances the excitability of immature GCs
It is established that SDF-1 exerts neuromodulatory effects on distinct populations of differentiated neurons (for review, see Guyon and Nahon, 2007 ). Here, we tested whether SDF-1 affects the excitability of immature GCs. Given the postnatal decline of CXCR4 expression in the SGL (Fig. 1) , we analyzed effects of SDF-1 on GC excitability at various postnatal stages. Recorded GCs were classified as immature or mature according to their electrical activity (SchmidtHieber et al., 2004; Couillard-Despres et al., 2006) . Among the 100 neurons recorded in the inner one-third of the GCL, 81 presented the characteristic features of immature GCs [i.e., high input resistance (1298 Ϯ 119 M⍀; n ϭ 81), slow membrane time constant (47.00 Ϯ 3.81 ms; n ϭ 81), and presence of a low threshold spike, which usually evoked a single action potential (67 of 81 neurons)] (Fig. 5A 1 ) . Thirteen neurons presented the electrophysiological properties of mature GCs [i.e., a significantly lower input resistance (424 Ϯ 107 M⍀; n ϭ 13; p Ͻ 0.01), faster membrane time constant (18.9 Ϯ 2.4 ms; n ϭ 13; p Ͻ 0.01), and a pattern of discharge characterized by trains of action potentials] (Fig. 5A 2 ) . Six cells presenting a very high input resistance (5400 Ϯ 1720 M⍀), a very slow time constant (74.42 Ϯ 25.23 ms), and a low threshold spike but no action potential were excluded from additional analyses. The pattern of discharge of all mature GCs (n ϭ 13) was unaffected by SDF-1 (data not shown). Among the immature GCs tested (n ϭ 72), 32% responded to SDF-1 by an increase in excitability (Fig.  5B) , whereas the others were unaffected. The excitatory effect of SDF-1 was characterized by a reduced latency of the action potentials (Fig. 5B 1 ) and an increase in the number of the action potentials that were induced by a given current pulse (Fig. 5B 2 -B 3 ) . Effects of SDF-1 were reversible after washout (Fig. 5B 2 ) and prevented by the selective CXCR4 antagonist AMD3100 (200 nM; n ϭ 5) (data not shown). The proportion of immature GCs responding to SDF-1 declined progressively during postnatal development: it was high during P12-P15 (61%; 14 of 23 neurons tested) and significantly lower during P17-P28 (18.4%; 9 of 49 neurons tested). After P15, the percentage of cells responding to SDF-1 remained stable at ϳ18% (Fig. 5C ).
CXCR4 supports adult hippocampal neurogenesis
Because CXCR4 is required for the appropriate development of many neuronal structures during ontogenesis, it is likely that tonic CXCR4 activation in GC precursors plays a role in adult hippocampal neurogenesis. To test this hypothesis, we labeled mitotic cells during a 48 h period by five intraperito- neal BrdU applications. Thereafter, cerebral CXCR4 signaling was blocked for 13 d by administering AMD3100 into the lateral ventricle via an osmotic minipump (treatment is illustrated in Fig. 6 D) . The effect of the antagonist was evaluated relative to that of saline on day 13 by counting BrdU-labeled SGL cells in intervals of 320 m in the hippocampal segment from bregma Ϫ2.8 mm to bregma Ϫ4.4 mm (Fig. 6 B) . This revealed a 31% reduction of BrdU-labeled cells in the AMD3100-treated group (calculated total amount of BrdUlabeled cells: saline, 2662 Ϯ 420; AMD3100, 1851 Ϯ 509; p Ͻ 0.05). We then examined whether the AMD3100-induced loss of newly formed SGL cells was caused by reduced neurogenesis by performing dual labeling of BrdU and doublecortin (Fig.  6 A) . Confocal analysis of 50 randomly selected BrdU-labeled SGL cells per animal showed that 78 and 65% of the BrdUlabeled cells expressed doublecortin in the saline-treated and AMD3100-treated groups, respectively (Ϫ13%; p Ͻ 0.05). In combination with the BrdU singlelabeling study, this indicates that the AMD3100-treated group showed a 42% loss of BrdU-labeled immature GCs (Fig.  6C) .
We then asked whether the AMD3100-induced loss of immature GCs leads to a reduction in the number of GCs reaching the mature developmental stage characterized by NeuN expression. To answer this question, we labeled mitotic cells by BrdU and administered saline or AMD3100 as in the previous experiment but performed evaluations after a 10 d drug-free interval to allow for maturation of the BrdU-labeled cells (treatment is illustrated in Fig. 6 H; an example of BrdU/NeuN colabeling is shown in Fig. 6G ). The AMD3100-treated group showed 32% less BrdU single-labeled cells in the SGL than the saline-treated group (Fig. 6 E) (calculated total amount of BrdU-labeled cells: saline, 1748 Ϯ 587; AMD3100, 1199 Ϯ 287; p Ͻ 0.05). The proportion of BrdUlabeled SGL cells expressing NeuN was similar in the saline-and AMD3100-treated groups, indicating that the 32% reduction of BrdU single-labeled SGL cells observed in the AMD3100-treated group reflects a 32% loss of BrdU/NeuNpositive mature GCs (Fig. 6 F) . Together, AMD3100 treatment reduced the amount of BrdU-labeled cells that developed into immature and mature GCs by 42 and 32%, respectively. Our findings suggest that CXCR4 signaling during the first 2 weeks after cell genesis supports the survival/differentiation of new GCs in the adult dentate gyrus.
CXCR4 signaling is required for a neurogenesis-dependent form of long-term memory
Given the fact that hippocampal neurogenesis plays a role in learning and memory and our finding that CXCR4 supports the generation of new GCs, we hypothesized that blocking CXCR4 signaling might impair neurogenesis-dependent forms of memory. To test this assumption, we used a recently described model in which improved long-term recognition of novel objects by rats housed in an enriched environment depends on hippocampal neurogenesis (Bruel-Jungerman et al., 2005) . Rats receiving saline or AMD3100 intracerebroventricularly via minipumps for 13 d were housed in groups of five in an enriched environment or individually in standard cages. After removal of the minipumps, short-and long-term memory performance was evaluated by the novel object recognition task (Bruel-Jungerman et al., 2005) . Rats were allowed to explore two novel objects for 4 min (acquisition phase). Short-term memory was tested after a 1 h retention interval by replacing one of the objects by a novel object. The time the animals spent exploring the known and the novel object was then recorded during a 4 min test phase. Longer exploration of , Ϫ20, 0, 20, 40 , and 100 pA. B, SDF-1 induces an increase in excitability in immature GCs. B 1 , Increasing concentrations of SDF-1 decrease the latency of the action potential. B 2 , SDF-1 induces the apparition of a second small action potential (arrow). The effect was reversible after washout. B 3 , Under SDF-1, two additional action potentials were evoked by a similar current pulse. B 1-3 , Voltage responses to current pulses of 10 pA (B 1 , B 2 ) and 15 pA (B 3 ). Current pulses were applied every 10 s. SDF-1 was applied for at least 1 min and washed out more than twice the time of application. No more than two applications per cell and per slice used were allowed to avoid desensitization. C, Percentage of immature GCs responding to 1-10 nM SDF-1 by an increase in excitability. The number of cells responding is given over the number of cells tested.
the novel object indicates memory of the known object. Longterm memory was tested by repeating the procedure with 24 and 48 h retention intervals. After 1 h retention interval, animals in all groups spent significantly more time exploring the novel than the known objects ( p Ͻ 0.05; Student's t test) (Fig. 7A) . After the 24 and 48 h retention intervals, only saline-treated rats housed in the enriched environment preferred the novel objects ( p Ͻ 0.05; Student's t test) (Fig. 7A) . A two-way ANOVA with repeated measures performed with the four experimental groups confirmed that the time spent for novel object exploration depended on the retention interval ( p Ͻ 0.01) as well as housing conditions ( p Ͻ 0.01) and revealed that housing influenced the effect of the retention interval ( p Ͻ 0.05). A Bonferroni's posttest comparing the four groups showed that saline-treated rats spent significantly more time exploring novel objects after the 24 and 48 h retention intervals when housed in the enriched environment ( p Ͻ 0.05) (Fig.  7B ). AMD3100 treatment of animals housed in the enriched environment significantly reduced novel object recognition after 48 h ( p Ͻ 0.05) (Fig. 7B) . Together, this experiment confirms that environmental enrichment enhances long-term recognition of novel objects and provides evidence that CXCR4 signaling is required for the promnesic effects of environmental enrichment.
Discussion
Recent work has established that the CXCR4 promoter is active and CXCR4 mRNA is highly expressed in a large propor- tion of immature GCs in the postnatal and adult dentate gyrus Tran et al., 2007) . Using immunohistochemical, electrophysiological, and pharmacological assays, we now show that CXCR4 receptors are functionally active in adult-born differentiating GCs. We provide evidence for tonic activation of CXCR4 in immature GCs and show that pharmacological inhibition of CXCR4 signaling impairs adult hippocampal neurogenesis and the formation of a neurogenesisdependent form of long-term memory in animals housed in an enriched environment.
Tonic activation of CXCR4 in immature GCs
We show a striking mismatch between high CXCR4 mRNA and low CXCR4 protein expression in the SGL and hilus and provide several lines of evidence that this mismatch reflects tonic activation and turnover of CXCR4 in immature GCs and mature GABAergic neurons. First, chronic blockade of CXCR4 by intraventricular infusion of the CXCR4 antagonist AMD3100 dramatically increased the amount of CXCR4 protein in the SGL and hilus without affecting CXCR4 mRNA expression. Antagonist treatment revealed CXCR4-LIR in the majority of immature GCs, in hilar GABAergic neurons, and neuronal precursor cells, which is reminiscent of the established CXCR4 mRNA expression pattern in the dentate gyrus (Stumm et al., 2002 Tran et al., 2007) . Second, GC precursors showed CXCR4-LIR almost exclusively at the plasma membrane after AMD3100 treatment, whereas a large proportion of CXCR4-LIR was clustered intracellularly in these cells in untreated animals. This effect is consistent with our own findings in primary hippocampal neurons showing that AMD3100 prevents SDF-1-induced internalization and downregulation of CXCR4. Third, CXCR4 protein expression in the dentate gyrus correlated reciprocally with the local SDF-1 expression level (i.e., the mismatch between CXCR4 mRNA and protein in the SGL/hilus and the decline of SDF-1-responsive immature GCs developed parallel to the upregulation of SDF-1 in GCs). In the molecular layer, where SDF-1 expression is low, the CXCR4 protein matched with CXCR4 mRNA and was increased only slightly by chronic AMD3100 treatment.
Recycling and degradation of CXCR4 in SDF-1-stimulated neurons Internalization, recycling, and degradation of G-protein-coupled receptors (GPCRs) have a significant impact on the termination of receptor signaling and may be particularly relevant for chemokine receptors regulating migration, differentiation, and survival of neuronal precursors (Claing et al., 2002; Stumm and Hollt, 2007) . Using primary hippocampal cultures as a model, we establish that the CXCR4 level in SDF-1-stimulated neurons is under dual control by recycling and degradation of internalized CXCR4. A brief SDF-1 pulse was sufficient for complete internalization of endogenous CXCR4. After stimulus, at least 30% of internalized CXCR4 recycled to the plasma membrane. When SDF-1 stimulation was prolonged to 6 h, 75% of CXCR4 receptors were degraded. We conclude that persistent SDF-1 exposure causes CXCR4 to undergo repeated internalization/recycling cycles with degradation of a small fraction of CXCR4 in each cycle. Therefore, regulation of CXCR4 in neurons is markedly distinct from that of other GPCRs, including the neuromodulatory somatostatin receptor 2, which shows virtually complete recycling after somatostatin-induced internalization (Tulipano et al., 2004) .
Treatment of primary neurons with AMD3100 increased the amount of CXCR4 in Western blots and caused a dramatic increase of CXCR4 at the plasma membrane. This antagonist effect is attributable to endogenous SDF-1 and prevention of SDF-1-induced internalization by AMD3100 (i.e., recycled and newly generated CXCR4s are expected to accumulate at the plasma membrane of cells chronically exposed to the drug) (Hatse et al., 2002) . Therefore, the dramatic increase of CXCR4 in the SGL and hilus of rats receiving chronic intraventricular AMD3100 infusion reflects persistent turnover of CXCR4 in these structures. Effect of AMD3100 on long-term recognition of objects by rats housed in an enriched environment. A, B, Rats housed in standard cages (STD) or an enriched environment (ENR) received saline (SAL) or AMD3100 (AMD) intraventricularly for 13 d. Animals explored a novel object in the presence of an object that had been explored 1, 24, or 48 h before (known object). Novel object exploration time is expressed in percentage of the total exploration time. Values Ͼ50% (horizontal line) indicate recognition of the known object. A, Analysis of novel object preference. After the 1 h retention interval, all four groups prefer novel objects. After the 24 and 48 h retention intervals, only the SAL/ENR group prefers novel objects (*vs corresponding known object exploration time, p Ͻ 0.05; paired one-way Student's t test). B, Effect of the enriched environment and AMD3100 on novel object recognition. Comparison of the four experimental groups by a repeated-measures two-way ANOVA shows that novel object exploration depends on the retention interval ( p Ͻ 0.01) and the environment ( p Ͻ 0.01) with the effect caused by the retention interval being influenced by the environment ( p Ͻ 0.05). Novel object exploration in the SAL/ENR group is larger than in the SAL/STD group at the 24 and 48 h retention intervals (*p Ͻ 0.01) and larger than in the AMD/ENR group at the 48 h retention interval ( # p Ͻ 0.05) (* ,# Bonferroni's posttest).
